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1. Introduction
One of the most active topics in nanotechnology is the synthe-
sis, characterization, and functionalization of magnetic nano-
particles (NPs). The interest in magnetic NPs is due to their
broad applications in areas such as diagnosis and therapeutics
in biomedicine (e.g. , magnetic targeting of genes and cells,
magnetic hyperthermia),[1–3] contrast agents for magnetic reso-
nance imaging,[4] drug delivery,[5] and remediation of metal pol-
lutants.[6,7] The variety of magnetic NP fabrication techniques is
quite large, and includes chemical precipitation,[8, 9] sol–gel pro-
cesses,[10,11] and hydrothermal,[12] microemulsion,[13] electro-
chemical,[14] and sonochemical techniques.[15]
Laser ablation is the removal of material from a target of in-
terest by direct absorption of laser energy. Pulsed laser abla-
tion of solids in liquids has emerged in recent years as a relia-
ble, rapid, and green method for preparing NPs in suspensions,
which are generally spherical in shape. When pulsed laser abla-
tion is performed on a metal target, different types of NPs may
be formed, such as bare metal core, metal core/oxide shell,
and hollow metal.[16,17] Many authors[18–23] have used this ap-
proach, as well as with coprecipitation, to study magnetic, op-
tical, and structural properties of colloidal suspensions ob-
tained after nanosecond pulsed laser ablation of Fe targets in
a variety of solvents.
Liu et al.[18] reported the fabrication of FeO NPs by pulsed
laser ablation of a pure iron plate in an aqueous solution of
polyvinylpyrrolidone (PVP). Particle size could be controlled by
means of the PVP concentration due to the capping effect and
repulsive interaction of the solvent. Vitta et al.[19] obtained a-Fe
NPs using nanosecond laser ablation of an Fe target in an
aqueous solution of sodium dodecyl sulfate. Characterization
of these NPs proved that their morphology consists of a core
of zero-valent iron surrounded by oxidized species, which pre-
vent further oxidation. Besides, optical extinction spectra
showed an absorption peak that depends on the pH value of
the solvent. Amendola et al.[20,21] showed that laser ablation of
an iron target in different organic liquids is a suitable method
for obtaining a variety of magnetic nanostructures, including
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ter scale were also observed and are reported for the first
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iron carbide. Depending on the solvent, NPs with different
compositions and structures were observed. Wei et al.[22] syn-
thesized Fe3O4 magnetic NPs by a coprecipitation method with
sodium citrate and oleic acid as modifiers. FTIR analysis indicat-
ed that the modifier molecules were successfully conjugated
with the surface of the magnetic NPs. Hysteresis curves
showed saturation magnetization that decreases with increas-
ing concentration of the surfactant. Maneeratanasarn et al.[23]
synthesized iron NPs by nanosecond pulsed laser ablation of
a bulk a-Fe2O3 target in water, acetone, and ethanol. They
showed that it is possible to preclude the formation of iron
metal in all three solvents by using a specific Fe oxide target,
and better crystallinity was achieved in organic solvents.
Different laser–matter interaction mechanisms become dom-
inant depending on the pulse-length range. In the nanosecond
regime, the ablation mechanism is dominated by linear pro-
cesses in which the energy of the laser pulse is absorbed on
the surface of the metal. Heat conduction leads to a tempera-
ture rise that melts the material, evaporates it, and produces
a plasma state due to melt expulsion. In the case of femtosec-
ond laser pulses, the extreme intensities involved in the laser–
matter interaction enhance nonlinear multiphoton absorption
processes, by which pulse-energy transfer from the electron
gas to the crystal is decoupled, since the latter requires about
10 ps, so that heat diffusion to the lattice is inhibited. Thermal
phenomena may then be described by the so-called two-tem-
perature model. The short interaction time produces a state of
locally overheated liquid, which, due to the extreme pressures
and temperatures occurring during interaction, expands rapid-
ly as a mixture of liquid droplets and vapor in a process
known as phase explosion. These different processes eventual-
ly lead to the formation of self-organized spherical nanostruc-
tures with different morphological, structural, compositional,
and size characteristics compared with those generated in the
nanosecond regime.
Herein, we report the optical, magnetic, and structural char-
acteristics of colloids produced by ultrashort pulse laser abla-
tion (UPLA) of a solid Fe target immersed in four different sol-
vents: HPLC water, an aqueous solution of trisodium citrate
(TSC), acetone, and ethanol. The suspensions were analyzed by
optical extinction spectroscopy (OES), vibrating-sample magne-
tometry (VSM), micro-Raman spectroscopy, optical microscopy
(OM), AFM, TEM, electron diffraction (ED), and small-angle X-
ray scattering (SAXS) to assess NP shape, size distribution,
magnetization, and composition. We also show that, under cer-
tain experimental conditions, submicrometer-sized iron oxide
NP agglomerate in fractal patterns that show self-similar prop-
erties. Finally, self-assembled annular structures on the nano-
meter scale were observed and are reported for the first time.
Experimental Section
Colloidal suspensions of iron NPs in different media were fabricat-
ed by femtosecond pulse laser ablation at different energies. A
10 mm-diameter and 1 mm-thick high-purity iron disk was used as
the target. The disk was immersed in a vessel filled with 2 cm3 of
the used solvent, with a liquid column of 1 mm height over the
target for obtaining high concentrated suspensions. A Ti:Sapphire
system from Spectra Physics, emitting pulses of 120 fs with 1 kHz
repetition rate centered at 800 nm wavelength, was used for laser
ablation of the sample. A classical wave plate/polarizer system
allows attenuation of the maximum output energy to 1 mJ per
pulse. The laser beam was focused on the surface of the target
disk with a lens of 5 cm focal length. Three laser pulse energies
were used: 700, 300 and 70 mJ. An XYZ motorized micrometric
stage allowed fine-focusing of the laser on the Fe disk and move-
ment of the sample such that ablation took place at fresh surface
points. The ablation process, which lasted 30 min for each laser
energy, produced concentrated solutions that were dark greenish
in water, dark reddish in TSC, dark greenish in acetone, and light
green in ethanol. A schematic of the ablation process, together
with the characterization techniques used in this work, is shown in
Figure 1.
An NT-MDT Solver Pro microscope in semicontact mode with
a scan rate of 1 Hz was used to record AFM images in air at room
temperature. Topographical measurements were acquired by using
rectangular-shaped cantilevers coated with Al on the reflex side.
These cantilevers had a spring constant of 37–58 Nm@1 and pyra-
midal silicon nitride tips. APPNANO ACTA (6 nm curvature radius)
and ACTA-SS (2 nm curvature radius) probes at a resonant frequen-
cy of 300 kHz were used for samples in each of the four solvents.
AFM provides a three-dimensional surface profile. Lateral dimen-
sions are distorted by tip–sample convolution effects. However,
high z accuracy is obtained when height measurements with a min-
imum scanning vertical step of 0.012 nm are recorded. For these
measurements, part of the as-prepared colloidal suspension was
sonicated and diluted to 1/100 (v/v) for each of the above-men-
tioned solvents. A drop of such a diluted sample was placed on
a freshly cleaved muscovite mica sheet (V-1 grade, SPI Supplies)
and dried for 12 h at room temperature. Analysis of the mica sheet
indicated an average roughness of 0.0612 nm.
Magnetization M as a function of magnetic field was measured at
room temperature by using a VSM Lake Shore 7404 vibrating-
sample magnetometer operated at a maximum applied field of
m0Hmax=1.9 T (equivalent to Hmax=19 kOe). Magnetic measure-
ments were performed on 50 mL of colloidal suspension sealed in
a heat-shrinkable tube to prevent sample evaporation and spills.
The data were normalized by Fe mass concentration, which was
measured by weighing the solid target before and after ablation.
The difference was then divided by the total volume to obtain the
mass concentration of Fe.
A TEM-MSC (JEOL 2100, acceleration voltage 200 KV) was used for
electron microscopy imaging and ED analysis. The as-prepared sus-
pensions of Fe NPs in the different solvents were appropriately di-
luted and sonicated for 15 min, and a drop of each was deposited
and dried on a carbon-coated copper grid, followed by plasma
cleaning to avoid possible organic residues. Images on a single-tilt
sample holder were captured with a TV Gatan ES500W and a CCD
(TVips-16MP) camera.
SAXS data were collected at the D01B-SAXS2 beam line with a Mar
165 CCD detector at a wavelength of l=1.822 a (e=6.804 keV)
after an Si (111) monochromator. For measurement, the as-pre-
pared colloids were sonicated and injected between two clear
ruby mica discs (25 mm thick each) of the liquid sample holder. The
range of the momentum transfer vector q ¼ 4psinq=l (where 2q is
the scattering angle), ranged from 0.06 to 3 nm@1, and it was re-
corded with sample–detector distances of 975 and 1977 mm.
Water was used as a secondary standard to express scattering in-
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tensity on an absolute scale as differential cross section @S=@W
[cm@1] and to merge data from the two measurements. Raw data
were corrected for absorption, background, and scattering due to
solvent-density fluctuation prior to fitting.
A Shimadzu spectrophotometer (250–1100 nm wavelength range)
was used for OES to measure the absorbance of colloidal suspen-
sions of iron in different media immediately after fabrication to
prevent possible NP coalescence.
Direct and inverted optical microscopes were used for OM obser-
vation of samples and micrometer-sized self-organized fractal
structures. Raman spectra of the particles were measured with
a Horiba-Jobin Yvon XPlora Plus confocal scanning microscope. A
drop of iron colloid from a previously sonicated and diluted
sample (1/10 v/v) was placed on a glass cover slide and dried in an
oven with a temperature ramp from 25 to 50 8C over 15 min. The
final temperature was then kept constant for 2 h.
2. Results and Discussion
2.1. Optical Extinction Spectroscopy
UV/Vis/NIR extinction spectra of Fe NP suspensions after UPLA
at three different laser pulse energies in the four studied
media are shown in Figure 2. For each solvent, the spectra for
700, 300, and 70 mJ are depicted. These show a general de-
crease in extinction with decreasing laser energy, indicating
that, as may be expected, the amount of ablated material is
smaller. This is also qualitatively supported by the overall de-
creasing coloration of the suspensions (insets to Figure 2). The
UV/Vis/NIR extinction spectra of iron-based NP colloids lack the
characteristic plasmon resonance typical of noble metals such
as Au, Ag, and Cu, and this hinders the assessment of the pres-
ence of NPs in the suspensions from a spectroscopic point of
view. Instead, monotonically decreasing spectra are observed
in our experiments, except for a shoulder in the 300–400 nm
range. From Mie calculations, these features are due to the
presence of NPs with radii larger than 20 nm, which, although
present in a small percentage, have a large enough cross sec-
tion to be observable in the extinction spectra. Besides, for sol-
vents containing carbon atoms (aqueous TSC, acetone, and
ethanol), the formation of Fe3C NPs, which have an absorption
band in the 300–400 nm range, during the ablation process is
highly probable due to the attachment of free carbon to Fe
NPs at the plasma/liquid interface of the cavitation bubble in
the laser-generated plasma plume. The efficiency of formation
is dependent on the reactivity of the solvent with Fe atoms in
the plasma plume.
In the case of ethanol, such a band is readily observed, since
its reactivity with iron atoms at the high temperatures and
Figure 1. Schematic diagram depicting the fabrication of iron colloidal suspensions in liquids by femtosecond laser ablation together with different tech-
niques used for characterization.
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densities encountered in the UPLA plasma plume is higher
than those of the other organic solvents used in this work.
Similar results were observed by other authors,[21] who, on the
basis of the work of Khare et al. ,[24] assigned the observed peak
to the above-mentioned absorption band. In our experiments,
this absorption band is weak for aqueous TSC and stronger for
acetone. The lattice vibrational modes of single-crystal iron car-
bide have four modes, which are Raman-inactive. Hence, there
is no information on the Raman spectrum of iron carbide in
the literature.
Comparison of these spectra suggests that higher pulse en-
ergies produce colloids with more ablated material than those
obtained at lower pulse energies. As can be deduced from
spectroscopic data, the colloids are very similar in composition.
So, in the rest of the paper, only the samples obtained with
the maximum laser pulse energy (700 mJ) in HPLC water, aque-
ous TSC solution, acetone, and ethanol are discussed.
2.2. Fe in HPLC Water and Aqueous TSC Solution
2.2.1. Micro-Raman Spectroscopy
Figure 3 shows a 100V OM image of a drop of diluted iron col-
loid in HPLC water, in which a typical agglomeration pattern
can be seen. Raman spectra were taken at different regions of
this pattern and normalized to the maximum peak. The diame-
ter of the laser spot at the sampling point is about the size of
the scale bar, and the maximum power compatible with avoid-
ing damage to the sample was used.
Although micro-Raman spectroscopy is a well-established
and powerful technique for studying atomic and molecular
bonds in chemistry and condensed-matter physics, care must
be taken when it is applied to the study of iron oxides. Some
authors reported possible size-induced phase transitions be-
tween a-Fe2O3 and g-Fe2O3.
[25] Further, focused lasers, as used
in micro-Raman spectroscopy, may also induce structural
changes in the sample, depending on the power used.[26] Ex-
cessive exposure of an iron oxide sample to laser radiation has
been shown to generate hematite. The reported laser-power
Figure 2. Extinction spectra of colloidal Fe NPs in a) HPLC water, b) aqueous TSC solution, c) acetone, and d) ethanol, obtained at three different pulse ener-
gies. For each medium, the inset shows vials arranged in decreasing energy from left to right. Extinction spectra for acetone in c) were very noisy for wave-
lengths shorter than 300 nm and are not shown.
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thresholds for hematite formation differ widely, since they
depend on experimental conditions such as wavelength, focus-
ing objective, exposure time, and surface characteristics. Re-
garding this potential risk, a safe laser power that can be used
for micro-Raman measurements on iron oxides is <0.8 mW. All
our Raman spectra were recorded in this power regime with
an exposure time of 10 s.
Figure 4 shows Raman spectra of iron colloid in HPLC water,
recorded at three different regions of the sample. Depending
on the location of the measurement spot, the Raman spectra
exhibited Raman signals of magnetite (Fe3O4), maghemite (g-
Fe2O3), hematite (a-Fe2O3), or various mixtures thereof. The
upper panel shows the Raman spectrum of a spot site at
which only peaks corresponding to hematite were found. The
lower panel is a spectrum showing peaks of hematite and ma-
ghemite, while the central panel shows peaks of hematite, ma-
ghemite, and magnetite coexisting in the same region of the
sample.
Figure 5 shows the Raman spectra of other spot site, where
only maghemite and magnetite were found (upper panel). At
660 cm@1, the peaks for both oxides are superimposed. Howev-
er, when the spectrum of pure maghemite[25] is subtracted
from that shown in the upper panel, the spectrum of magnet-
ite at 660 cm@1 is evidenced (lower panel).
Figure 6 shows the Raman spectrum of iron colloid in
a 0.25 mM aqueous solution of TSC. The spectrum was taken
Figure 3. OM image of a diluted drop of iron colloid in HPLC water taken
with a 100V objective. Scale bar is 2 mm.
Figure 4. Raman spectra of iron colloids in HPLC water at different sample
points. A mixture of iron oxide phases is observed.
Figure 5. Raman spectrum of iron colloid in HPLC showing peaks corre-
sponding to maghemite and magnetite (upper panel). Enhancement of
magnetite peak at 660 cm@1 by subtraction of a pure maghemite spectrum
(lower panel).
Figure 6. Raman spectrum of iron colloid in 0.25 mM aqueous TSC solution
showing peaks corresponding to hematite, magnetite, and citrate.
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with a laser power of 0.4 mW, below the phase-transition
threshold. Raman peaks corresponding to magnetite, hematite,
and citrate (C6H5O7
3@) can be clearly seen.[27–29] This kind of
spectrum shows that the samples are complex in structure,
with different oxide phases in the same spot site. When Raman
measurements were done on this kind of multiple-phase site
with increasing laser power, only hematite Raman bands were
finally observed, which suggests that a phase transition of the
different magnetic oxides to laser-dependent nonmagnetic
hematite was induced. However, laser-independent hematite-
containing spot sites were also found in the same sample. This
finding is similar to that reported by Chourpa et al.[26] for NPs
synthesized by coprecipitation of ferrous and ferric salts.
2.2.2. TEM and ED
Figure 7 shows TEM images of dried iron colloids in different
media. Figure 7a–d show NPs in HPLC water. Large NPs with
a certain degree of agglomeration were selected for phase
identification by selected-area electron diffraction. Although
the images are not representative of the whole sample, spheri-
cal morphology of the particles is clearly observed. In general,
NPs have radii smaller than 15 nm and coexist with some
larger ones. Figure 7a shows an isolated NP, 30 nm in radius,
surrounded by a thin layer, possibly of an iron hydroxide gen-
erated during laser ablation.[30] Figure 7b is a panoramic view
showing the presence of different-sized NPs with indication of
radii. Figure 7c is panoramic view that includes two core–shell
NPs, indicated by dashed arrows. UPLA tends to produce
hollow NPs,[16, 31,32] as can be seen in the inset of Figure 7d. Fig-
ure 7e shows a central, 12 nm-radius, isolated Fe NP immersed
in aqueous TSC together with some smaller ones in the range
2–3 nm. A group of typical-sized Fe NPs in ethanol is shown in
Figure 7 f. In the case of acetone, small NPs together with
core–shell-type structures are observed (Figure 7g). Figure 7h
shows Fe NPs in acetone forming self-assembled fractal-like ag-
gregates. The inset shows an enlargement of part of the fractal
assembly, in which a couple of core–shell NPs can be seen.
By using the same equipment, ED patterns were measured
on selected NPs for phase identification. A typical pattern for
an iron colloid in HPLC water is shown in Figure 8. The faint
haloes suggest high crystallinity of the NPs. The ED pattern
was indexed to the reflections of iron oxide (JCPDS cards #06-
0696 for a-Fe, #75-0033 for Fe3O4, and #39-1346 for g-Fe2O3).
Crystallographic parameters of Fe3O4, g-Fe2O3, and a-Fe were
obtained by using electron microscopy simulation software
(JEMS).[33] Table 1 lists the electron diffraction rings according
to the interplanar distances da@Fe, dFe2O3 , and dFe3O4 and the cor-
responding Miller indices h, k, and l. No reflections characteris-
tic of other structures appear. Iron oxide phases corresponding
to magnetite (Fe3O4), ferric oxide (Fe2O3), and a-Fe can be ob-
served for different interplanar distances.
2.2.3. Atomic Force Microscopy
AFM images of colloidal Fe NPs in HPLC water are shown in
Figure 9. Figure 9a is a 50V50 mm panoramic image of an ap-
propriately diluted sample of a freshly prepared colloid, in
which numerous isolated NPs can be seen as small dots. The
color scale represents the height (diameter) of the particles.
Dashed lines drawn over selected NPs correspond to the
height profiles shown in Figure 9c, which shows that the typi-
cal radius is less than 5 nm. A more detailed size histogram, in
which more than 400 NPs were taken into account, is shown
in Figure 9d. A log-normal curve with modal radius of 1.8 nm
can be fitted to the histogram bars. Figure 9b is a 3V3 mm
close-up of Figure 9a, in which isolated NPs 1 and 1.25 nm in
radius are shown (inset with height profiles).
Figure 10 shows AFM images of colloidal Fe NPs in
a 0.25 mM aqueous solution of TSC. Figure 10a is a 15V15 mm
panoramic image of an appropriately diluted sample of a fresh-
ly prepared colloid showing isolated NPs. The vertical color
scale represents the height (diameter) of the particles. Height
profiles of selected NPs in Figure 10a are shown in Figure 10c.
The size histogram in Figure 10d can be fitted by a log-normal
size distribution with modal radius of about 2 nm. Figure 10b
is a 2V2 mm AFM image of another region of the sample
showing isolated NPs of about 2.5 nm radius (inset).
The AFM results for water and aqueous TSC solution show
log-normal size distributions with similar modal radii close to
2 nm, while the latter has a broader size distribution than the
former.
2.2.4. Small-Angle X-ray Scattering
Figure 11 shows a log–log plot of the scattering differential
cross section dS=dW against scattering vector q for colloidal
Fe NPs dispersed in HPLC water. For large q values, a linear be-
havior with slope of @4 is observed, consistent with the Porod
scattering law for spherical particles. On the other hand, for
small q values, the curve tends to a constant dS=dW value
consistent with the Guinier law for polydisperse NPs.
To obtain morphological and size information from the over-
all scattering curve, a model based on the scattering of poly-







sin qrð Þ@ qrcos qrð Þ
qrð Þ3
+ *2
g rð Þdr ð1Þ
where Np is the particle density, Dh the scattering-length den-
sity difference between particle and water, V the volume of
a particle of radius r, and g rð Þ the size log-normal distribution
Table 1. Crystallographic parameters derived from the electron diffrac-
tion pattern of iron colloid in HPLC water.
Ring da@Fe [nm] dFe2O3 [nm] dFe3O4 [nm] (h, k, l)
1 0.299 (0, 2, 2)
2 0.255 (1, 3, 3)
3 0.201 (0, 1, 1)
4 0.184 (0, 2, 4)
5 0.147 (3, 0, 0)
6 0.102 (0, 2, 2)
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Figure 7. TEM images of iron NPs by femtosecond laser ablation in different media. a)–d). Fe NPs in HPLC water showing spherical shape and sizes. Numbers
indicate the NP radii. Core–shell NPs are indicated by dashed arrows in c), and a hollow NP is shown in the inset of d). e) Isolated Fe NPs in aqueous TSC solu-
tion with small (2–3 nm) and larger (12 nm) radii. f) A group of typical-sized Fe NPs in ethanol. g) Small Fe NPs produced in acetone, among which core–shell
NPs can be seen (inset). h) Fe NPs in acetone showing self-assembled fractal-like aggregation. The inset shows a couple of core–shell NPs within the fractal as-
semble.
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of median r0 and standard deviation s. Fitting of the experi-
mental data (empty squares in Figure 11) with DhN1=2p , r0, and
s as fitting parameters yielded r0=1.59:0.03 nm and s=
0.914:0.003, which correspond to mean particle radius
hri ¼ r0es
2=2 ¼2.4:0.1 nm. The size distribution shown in the
inset of Figure 11 is in good agreement with that from AFM
analysis shown in Figure 9d.
2.2.5. Magnetic Properties
Comparative field-dependent dc magnetization curves at room
temperature for Fe colloids in HPLC water and a 0.25 mM
aqueous solution of TSC after subtraction of the diamagnetic
contribution of water are shown in Figure 12. The loops display
the shape commonly observed for an assembly of magnetic
NPs with randomly oriented magnetic-anisotropy axes.
The small area inside the hysteresis loop indicates that coer-
civity and remanent magnetization (see inset in the upper left
quadrant of Figure 12) are less than 60 Oe and 1 emug@1Fe , re-
spectively, which suggest single-domain MNPs. This is in agree-
Figure 8. ED pattern for iron colloid in HPLC water. Labeling of the rings is
according to the increasing values of the scattering vector q.
Figure 9. AFM images and size analysis of iron colloid NPs obtained by laser ablation in HPLC water. a) 50V50 mm panoramic image of isolated single NPs.
b) 3V3 mm image of a) showing typical sizes of small spherical NPs. The inset shows height profiles of two selected lines. c) Height profiles of selected
lines 1–7 of a) showing typical diameters of NPs. d) Radius histogram together with a log-normal fitting curve with modal radius of 1.8 nm.
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ment with colloidal superparamagnetic behavior, which was
verified by fitting data with a Langevin function, weighted
with a log-normal distribution of magnetic moment g mð Þ and
a linear contribution proportional to the high-field susceptibili-
ty cp [Eq. (2)]:










g mð Þdmþ cpH ð2Þ
The mean magnetic moment hmi was retrieved from log-
normal fitted parameters (median m0 and dispersion s of the
variable lnm) with hmi ¼ m0es
2=2, while saturation magnetization
is given by MS ¼ Nhmi, where N is the particle number density.
Table 2 lists results for MS, hmi, N, magnetic radius rM, and total
radius rT of colloidal Fe NPs derived from the VSM measure-
ments in water and aqueous TSC solution.
From the Langevin fit of magnetization curves, log-normal
size distributions can also be retrieved by considering that
each particle of volume V is magnetized on saturation as
Figure 10. AFM images and size analysis of iron colloid NPs obtained by laser ablation in 0.25 aqueous TSC solution. a) 15V15 mm panoramic image of isolat-
ed single NPs. b) 2V2 mm image showing small spherical NPs together with their height profiles (inset). c) Height profiles of selected lines 1–6 in a) showing
typical NPs diameter. d) Radius histogram together with a log-normal curve fitting the histogram bars.
Figure 11. Experimental (empty squares) and theoretical fit (full line) of SAXS
measurements on iron colloids in HLPC water. The inset shows the fitted
size distribution.
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MS ¼ hmi=V . Besides, rM and rT can be calculated by considering
the experimental and theoretical magnetization, respectively.
The difference between the total and magnetic radii gives the
thickness of the frustrated magnetic layer. Log-normal radius
distributions centered at 1.7 nm for HPLC water and at 3 nm
for aqueous TSC were obtained (see inset in the lower right
quadrant of Figure 12). These results are in good agreement
with the size distributions obtained by AFM measurements.
Although the raw data show a diamagnetic component
(cp < 0), subtracting this contribution reveals that no satura-
tion is reached even at 19 kOe, possibly due to NP surface ef-
fects (frustrated magnetic layer or organic coating). This effect
is clearly observed in Figure 12 and also in the data of Table 2,
where it can be seen that the mean magnetic moment and
magnetic saturation of the particles are higher for Fe NPs in
HPLC water without any coating (49.3 emug@1Fe ) than for Fe
NPs in aqueous TSC (26.7 emug@1Fe ). This supports the idea that
TSC acts as a surface modifier, decreasing the saturation mag-
netization by a surface spin disorder effect. In both cases, MS is
much smaller than that of bulk Fe (217 emug@1Fe ).
[34]
The smooth change in magnetization slope in the region
near zero applied field (inset in the upper left quadrant) evi-
dences that different oxide phases could be present. Consider-
ing that particles in that this range should be in the superpara-
magnetic regime, the observed values of remanence and coer-
cive field could be attributed to a spin surface effect or weak
interface effect between two magnetic phases.
Migration of the NPs in HPLC water towards a NdFeB
magnet placed very close to the vial is a visual indication of
their magnetic properties (photograph in Figure 12). However,
in the case of magnetic NPs in aqueous TSC, no migration is
observed, even after several hours of magnet–vial interaction.
This is likely due to the electrically repulsive sheath that TSC
forms around each NP.
Our results on the magnetization properties of iron colloids
agree with those reported by Wei et al.[22] for Fe3O4 NPs synthe-
sized by coprecipitation with TSC and oleic acid. However,
Maneeratanasarn et al. ,[23] who reported on the synthesis of
magnetic NPs by laser ablation of a bulk a-Fe2O3 target in eth-
anol, deionized water, and acetone, found hysteresis curves
with non-negligible area and much lower saturation magneti-
zation than in our case.
Figure 12. Magnetization curves for as-prepared iron colloid in HPLC water and aqueous TSC obtained by laser ablation with 700 mJ pulse energy. The insets
show an enlargement of the very small area of the hysteresis cycle at the origin (upper left) and the NP size distribution derived from curve fitting (lower
right). Right: photographs of vials illustrating the magnetic force effect on the NPs of a NdFeB magnet.
Table 2. Saturation magnetization MS , magnetic moment hmi, number
density N, magnetic radius rM , and total radius rT of colloidal Fe NPs, de-
rived from VSM measurements in water and aqueous TSC solution.
Fe in HPLC water Fe in 0.25 mM TSC
MS [emug
@1
Fe ] 49.3:0.7 26.7:0.2
hmi [mB] 1606:21 3468:28
N [g@1] 2.9V1018 0.7V1018
rM [nm] 1.1:0.4 1.5:0.4
rT [nm] 1.9:0.6 3.2:0.9
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2.3. Iron Colloids in Acetone and Ethanol
2.3.1. Micro-Raman Spectroscopy
Figure 13 shows Raman spectra of an iron colloid in acetone at
two different regions of the sample. The upper panel corre-
sponds to a spot site with only hematite Raman signals, while
the lower panel shows mixed signals of hematite and magnet-
ite from another site.
In the case of ethanol, results similar to those for acetone
were obtained. The Raman spectra shown in Figure 14 corre-
spond to two different sample spot sites: in one of them, only
Raman signals of hematite were observed (upper panel), while
the other shows mixed signals of hematite and magnetite.
Micro-Raman spectra of samples freshly prepared by UPLA
in the four solvents show the presence of magnetite, hematite,
and maghemite. These results differ from those presented by
Amendola et al. ,[20] who reported only magnetite for nanosec-
ond PLA in water.
2.3.2. Atomic Force Microscopy
Figure 15 shows AFM images of colloidal Fe NPs obtained for
a 1/100 (v/v) diluted sample in acetone. Figure 15a is a 55V
55 mm panoramic view showing isolated spherical NPs of typi-
cal sizes. Selected NPs are indicated by lines 1–4, the height
profiles (diameters) of which are shown in Figure 15c accord-
ing to the vertical color scale. Figure 15b is a 4V4 mm close-up
view of another region of the sample showing three isolated
NPs of 4, 6, and 9 nm radius. Figure 15d is a size histogram for
about 400 NPs in different regions of the sample, showing
a modal radius of about 4 nm and a very wide size distribu-
tion.
Figure 16 shows AFM images of colloidal Fe NPs obtained
with a 1/100 (v/v) diluted sample in ethanol. This solvent has
a smaller surface tension compared with water, with less inter-
action with the mica surface, so that the boundary of the drop
expands faster. This means that dewetting processes at the
drop boundary may form characteristic fingerlike patterns, as
shown in Figure 16a, and thus a large number of NPs are col-
lected in the resulting branches. Particles can be observed in
isolated form or in agglomerates produced in the drying pro-
cess of the sample. Some of the isolated particles are indicated
by lines 1 to 6, the height profiles (diameters) of which are
shown in Figure 16c according to the vertical color scale. The
selected particles have radii in the range 1–5 nm. A more de-
tailed statistics over hundreds of particles yielded the size dis-
tribution histogram shown in Figure 16d, together with its log-
normal fitting curve, showing a modal radius of 4 nm and a dis-
persion including NPs up to 10 nm. A typical NP agglomerate
is shown in Figure 16b, together with cross-sectional profiles
along the directions indicated by lines 1 and 2. The profile
curves (inset) suggest that this agglomerate is formed by three
particles along line 1 and by two particles along line 2.
Comparison of the AFM histograms for suspensions ob-
tained in acetone and ethanol indicates that the modal radius
for both is almost the same, but the size dispersion is much
larger in the former solvent than in the latter.
2.3.3. Magnetic Properties
Magnetization curves for samples in acetone and ethanol are
shown in Figure 17. In this case, saturation magnetization
values for both media are quite similar (30.8 and 26.5 emug@1Fe ,
respectively). The photographs in Figure 17 show NP migra-
tion, within a few seconds, towards an external NdFeB magnet.
One of the most striking features of this analysis is the almost
zero hysteresis-cycle area of the M versus H plot (upper left
inset). These characteristics support the idea that the obtained
NPs are single-domain particles with a relatively high magneti-
zation at high external fields.
Figure 13. Raman spectra of iron colloid in acetone at two different regions
of the sample. The upper panel shows only Raman signals of hematite,
while the lower panel shows mixed signals of hematite and magnetite.
Figure 14. Raman spectra of iron colloid in ethanol at two different regions
of the sample. The upper panel shows only Raman signals of hematite,
while the lower panel shows mixed signals of hematite and magnetite.
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For this kind of sample, a second magnetic contribution is
needed to fit the overall range of H, which may be written as
a Langevin function representing the superparamagnetic con-
tribution of larger magnetic NPs, yielding in this way a bimodal
size distribution. Thus, the full expression for the VSM fit is de-
scribed by Equation (3):

















Best-fit parameters for the bimodal log-normal distribution
are listed in Table 3 and labeled as 1 or 2 for each contribu-
tion.
Comparing magnetization curves for Fe magnetic NPs dis-
persed in organic solvents with those for Fe magnetic NPs dis-
persed in water reveals a lower high-field susceptibility of the
former, which indicates that the surface effects are minimized
in the NPs dispersed in organic solvents, which is also consis-
tent with larger NPs. In both cases, the fraction of small parti-
cles (4.1 and 5.2 nm for Fe magnetic NPs dispersed in ethanol
and acetone, respectively) is smaller than the fraction of larger
NPs. Size distributions derived from VSM analysis (inset in
lower right quadrant in Figure 17) are in very good agreement
with those derived from AFM measurements.
2.4. Self-Organized Structures of Iron Colloids in HPLC
Water
Self-organization of NPs was observed at different size scales
with appropriate microscopes. Figure 18 shows optical micro-
graphs of a drop of iron colloid in HPLC water, sonicated for
15 min, diluted to 1/10 (v/v) from the as-prepared laser-abla-
tion sample, and dried by increasing the temperature from 25
to 50 8C over 15 min. In this process, the deposited drop un-
Figure 15. AFM size analysis of the obtained colloidal Fe NPs obtained by laser ablation in acetone. a) 55V55 mm panoramic image of isolated single NPs.
b) 4V4 mm image showing small spherical NPs together with their height profiles (inset). c) Height profiles of selected lines 1–4 in a) showing typical NP diam-
eter. d) Radius histogram together with a log-normal curve fitting the histogram bars.
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dergoes evaporation with fast temperature rise, which induces
nonequilibrium conditions. Diffusion of NPs inside the drop
during drying contributes to the formation of the observed 2D
fractal structures. Thus, the resulting structure depends on the
colloid concentration and on the initial temperature gradient
of the drying process. The drying protocol mentioned above
was similar to that used in a previous work on Ag NPs formed
by UPLA in water,[31] to enhance the possible development of
fractal-like structures. Figure 18a and b show self-agglomera-
tion preferentially at the center zone of the dried drop. At size
scales differing by one order of magnitude (20 and 2 mm in
Figure 18a and b, respectively) and even three orders of mag-
nitude (TEM image in Figure 7h), the auto-similar nature of the
pattern is evident. These micrometer-sized particles agglomer-
ate in patterns compatible with the topographic characteristics
of 2D percolation cluster fractals.[35] The inset in Figure 18a
shows the simulation of a percolation cluster of fractal dimen-
sion 1.89, the general pattern of which agrees with the ob-
served experimental fractal. These kinds of samples are those
used for the Raman analysis described in Sections 2.3 and 3.3.
Figure 18c and d also show another type of fractals, located
preferentially close to the boundary of the dried drop. This
kind of ramified growth is typical of a diffusion-limited aggre-
gation (DLA) process, applicable to any particle system in
which diffusion (Brownian motion) is the primary means of
transport.[36] Its 2D fractal dimension is 1.70. The greenish and
reddish colorations in the branches of the ramified fractals in-
dicate the presence of Fe oxide species.
When the original sample fabricated in HPLC water was di-
luted 1/100 (v/v) and dried at 50 8C over 2 h for AFM observa-
tion, particular structures were observed. Figure 19 shows AFM
images of ring-shaped self-organized NPs, consistent with
a magnetic dipolar nature of NP interaction in which a nose-
to-tail configuration minimizes the energy. Figure 19a shows
a group of annular-shaped structures at the upper half of the
panoramic view. Figure 19b is a close-up view showing isolat-
Figure 16. AFM size analysis of colloidal Fe NPs in ethanol. a) 10V10 mm panoramic image of isolated single NPs and agglomerates. b) 3V3 mm image show-
ing a single agglomerate formed by several NPs. c) Height profiles of selected lines 1–6 in a) showing typical NP diameter. d) Radius histogram together with
a log-normal curve fitting the histogram bars.
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ed structures, one of which was selected for detailed measure-
ments in a 3D view (Figure 19c). It seems to be composed of
several NPs organized in an annular fashion, with a cross-sec-
tional height profile of about 2 nm (Figure 19d).
2.5. Self-Organized Structures of Iron Colloids in Aqueous
TSC Solution
A colloid in aqueous TSC solution was diluted 1/100 (v/v). A
drop thereof was placed on a mica substrate and treated by
the same drying process as for HPLC water. Figure 20 shows
AFM images of ring-shaped self-organized NPs encountered in
a certain zone of the drop. Figure 20a shows a group of these
annular-shaped structures at the upper half of the panoramic
view. This does not seem to be a particular case, but rather
a frequent situation under certain experimental conditions. Fig-
ure 20c is a close-up view of a region in which two of these
structures are seen. The transverse cross-sectional profile of
one of them in the direction of the dashed line is shown in
Figure 20d. Figure 20b shows the same image as Figure 20c
but in phase mode, and indicates that the annular structures
consist of a different material to the rest of the background.
3. Conclusions
UPLA was performed on pure Fe solid targets in four solvents
at different pulse energies. Optical extinction spectra of the
obtained colloids showed decreasing absorbance with decreas-
ing pulse energy used for their fabrication, which suggests de-
creasing NP concentrations. The broad absorption peak in the
range of 300–400 nm reported by other authors in ethanol
was also observed in our experiments in water, aqueous cit-
rate, and acetone for the three pulse energies used. These
cases were not observed before.
Micro-Raman spectroscopic analysis of dried drops taken
from the fabricated suspensions indicated that magnetite, ma-
ghemite, and hematite iron oxide phases are present in all four
solvents. Raman spectra always showed mixtures of the bands
assigned to each oxide phase, which suggest that the samples
are quite heterogeneous in phase content.
Figure 17. Magnetization curves for as-prepared iron colloids in acetone and ethanol obtained by laser ablation with 700 mJ pulse energy. Insets show an en-
largement of the negligible hysteresis-cycle area at the origin (upper left) and the NP size distribution derived from curve fitting (lower right). Right: photo-
graphs of vials illustrating the magnetic-force effect on the NPs of an NdFeB magnet.
Table 3. Saturation magnetization MS , magnetic moments hm1i and hm2i,
number densities N1 and N2 , magnetic radii r1M and r2M and total radii r1T
and r2T of colloidal Fe NPs, derived from VSM measurements in acetone
and ethanol.
Fe in acetone Fe in ethanol
MS [emug
@1
Fe ] 30.8:0.8 26.5:0.5
hm1i [mB] 91297:761 12473:154





r1M [nm] 3.4:2.2 1.8:0.4
r2M [nm] 1.9:0.4 1.8:0.1
r1T [nm] 20:13 4:2
r2T [nm] 4:1 5.2:0.1
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On a much smaller scale, TEM and AFM analyses showed
that the NPs were spherical in shape, with some core–shell
and hollow species. AFM size histograms yielded log-normal
size distributions with modal radii in the range 2–4 nm de-
pending on the solvent. HPLC water gave the narrowest (<
5 nm) distribution and acetone the widest (<30 nm). ED pat-
terns indicated a rather high degree of crystallinity of the NPs.
The q-vector values of the different diffraction rings, recorded
by ED, are compatible with Bragg planes corresponding to a-
Fe, hematite, maghemite, and magnetite, in accordance with
the phase results obtained by micro-Raman spectroscopy.
Magnetization measurements in HPLC water and aqueous
citrate showed hysteresis loops with shape commonly ob-
served for an assembly of magnetic NPs with randomly orient-
ed magnetic-anisotropy axes. The low coercivity and remanent
magnetization values found in the VSM experiments are in
agreement with colloidal superparamagnetic behavior. Migra-
tion of the NPs in HPLC water towards a NdFeB magnet placed
very close to the vial is a visual indication of their magnetic
properties. Comparing magnetization curves for Fe magnetic
NPs dispersed in organic solvents with those for Fe magnetic
NPs dispersed in water shows that the former have a smaller
high-field susceptibility, which indicates that the surface effects
are minimized in the organically dispersed NPs, which is also
consistent with larger NPs.
Figure 18. OM images of self-assembled colloidal Fe NPs in HPLC water. The scale bar in a) is 20 mm, and that in b) is 2 mm. The inset in a) is a simulation of
a percolation fractal cluster. Scale bars in c) and d) are 2 mm. The inset in d) is a simulation of a ramified-growth fractal.
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For HPLC water and aqueous TSC, the mean magnetic
moment and magnetic saturation of 49.3 emug@1Fe and
26.7 emug@1Fe , respectively, of the particles suggest that TSC
acts as a surface modifier, decreasing the saturation magnetiza-
tion by a surface spin disorder effect. In general, from the mag-
netization curves for Fe MNPs dispersed in organic solvents
and those for Fe MNPs dispersed in water, it can be concluded
that the former show a smaller high-field susceptibility, indicat-
ing that surface effects are minimized in the organically dis-
persed NPs. Size distributions derived from VSM analysis are in
very good agreement with those derived from AFM measure-
ments.
Finally, self-assembled 2D structures were observed in the
samples prepared for Raman and AFM measurements. In the
first case, percolation and ramified types of fractal growth of
size in the micrometer range were observed at two different
scales in dried-drop samples. Raman analysis performed on the
fractals confirmed they are formed by Fe oxide NPs. On the
other hand, AFM studies showed ring-shaped structures of
about 2 nm height and a few hundred nanometers in diame-
ter. These types of structures were found both in water and in
aqueous TSC.
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